The magnetization reversal in the chains of submicron square-and disk-shaped Permalloy dots with lateral size of 800 nm, thickness of 50 nm and variable inter dot distance was investigated by using the magneto-optical Kerr effect technique, magnetic force microscopy and micromagnetic modeling. We have found that the particle shape strongly affects the characteristic switching fields of well-separated dots, and has almost no influence on strength of inter dot interaction in chains of magnetostatically coupled elements.
The magnetic dot arrays of micrometer and submicrometer sizes are promising for various applications such as memory elements, 1 magnetic field sensors, 2 and logic operation devices. 3 Understanding of their magnetic properties is therefore important from both fundamental and applied viewpoints. The magnetization reversal in arrays of wellseparated dots is determined by the properties of individual elements, whereas interaction effects become essential when the inter dot separation is much smaller than the dot lateral sizes. 4, 5 In this work we have compared magnetization reversal in disk-and square-shaped dots arranged into chain arrays with submicron separating distances. From the experimental hysteresis loops we have concluded that dot geometrical shape strongly affects switching fields of the array and, surprisingly, has almost no influence on strength of dipole-dominated inter dot interaction.
In this study, all exposures were made with a JEOL 840 e-beam microscope operating at 35 kV with a beam current of 30 pA. The device was equipped with Raith's pattern generator. 6 A bilayer resist structure was used to facilitate the lift-off process. Details of the microfabrication process have been given in Ref. 5 . The 50-nm-thick Permalloy film was thermally evaporated in high vacuum from a Fe 81 Ni 19 target using e-beam heating. All patterns were fabricated on the same substrate thereby ensuring identical magnetic and structural properties for all the arrays. Figure 1 compares the magneto-optical hysteresis loops measured for chains of square and circular dots with an inter dot separation dϳ100 nm and with the applied field along ͑dashed line͒ and perpendicular to ͑solid line͒ the chain axis.
In both cases, the loops are typical for magnetization reversal due to the formation of magnetic states with closure-type ͑vortex͒ magnetization distributions. The sharp jumps in the hysteresis loops correspond to an irreversible transition between a single domain state and a vortex state. The so-called vortex nucleation H n and annihilation H an fields are strongly size dependent. 7, 8 Vortex states nucleate when the demagnetizing fields within each particle are no longer counterbalanced by the applied external and exchange fields. That the demagnetizing fields are not well described by an average field can be seen in Fig. 1 since the nucleation field for disks is higher than for squares even though their average demagnetizing fields are quite similar. This difference can be qualitatively understood by considering the relative energies of the corresponding vortex states. The circular geometry is ideally suited to adopt a vortex structure because it allows a uniform spin rotation with no dipolar energy contributions from the edges. In the remanent vortex state ͑zero applied field͒ the exchange and magnetostatic energies are stored mainly in the vortex core, which has a diameter of the order of the exchange length and, therefore, much smaller than the sub-m lateral dot size. 9, 10 In squares, in addition to the vortex core formation, there are some extra dipolar and exchange energy contributions due to the noncircular dot shape. 13 For instance, a vortex spin distribution adapted to the square particle geometry leads to spin alignment along the dot edges. At the dot corners, spins are forced to rotate 90°in order to avoid surface charges induced on the particle surface. In some sense, the situation is similar to the Landautype structure with four domains separated by domain walls, the characteristic pattern for rectangular magnetic particles with fourfold crystalline anisotropy. In our case, the magnetocrystalline energy is negligibly small and the size of the regions with spin rotation is defined by the competition between exchange, and magnetostatic energies that are size and shape dependent. In noncircular particles regions of sharp spin rotation will induce magnetic volume charges inside the particle. The energy cost of introducing these volume charges increases the energy of the vortex state in noncircular particles and thus explains the lowering of H n and H an .
The inter-particle interaction is expected to play an important role in magnetization reversal of closely placed magnetic elements. Interaction effects can be understood with a dipole-dipole model, which assumes that the total magnetic field acting on each dot ͑labeled with the number i)is the sum of the applied field and a dipolar field H i j arising from the j-th neighboring particle. Restricting our analysis to the case where the applied field lies along a chain of particles, the interaction field H i j is given by 2/r i j 3 , where is the total magnetic moment of the dot given by V*M where V is the volume of the particle, and r i j is distance between centers of dots. This approach gives a clear intuitive picture and can be used to estimate the order of magnitude of interaction effects. More rigorous models, that include realistic spin distributions and the shape of the dots, were also developed to describe the interaction effects in arrays with inter dot distances much smaller than the dot lateral sizes. 5 Let us compare the nucleation and annihilation fields extracted from the hysteresis loops measured on two different sets of samples with identical characteristic dimensions ͑lateral size, thickness and inter dot distance͒ but with different shapes. The experimental data as a function of inter dot distance are summarized in Fig. 2 . Some earlier studies of arrays of circularshaped elements showed that the magnetostatic interaction tends to stabilize the single domain state in a chain of the dots in the chain. [11] [12] [13] Our present data confirm this result: the vortex nucleation and annihilation fields decrease with decreasing inter dot distance indicating that the vortex state is less stable for closely spaced, interacting, particles. Assuming that nucleation and annihilation occur for specific internal fields within each particle and since this field is given by H ext ϩH dip , the changes in nucleation field as a function of inter-particle distance (d) should be proportional to 4M a 2 t/(aϩd) 3 for squares and M a 2 t/(aϩd) 3 for disks where M is the value of magnetization at the nucleation or annihilation field. 17 Based on the hysteresis loops in Fig. 1 we take magnetization M for nucleation to be Ϸ0.9M s and for annihilation to be 0.75 and 0.5 for the disks and squares, respectively. These assumptions produce the full lines in Fig.  2 , which provide an excellent account of the changes in the nucleation and annihilation fields as a function of interparticle separation. They explain why the changes are so similar for disks and squares and why the changes in H an are smaller than those in H n .
A somewhat surprising feature in Fig. 2 is that ⌬H n and ⌬H an , which describe the changes in nucleation and annihilation fields for the disks and squares, are not equal. If, as we discussed above, the differences were due only to the stability of the vortex itself one would expect these quantities to be the same. A partial answer can be found in the hysteresis loops in Fig. 1 . After nucleation in disks the hysteresis curve closes on itself indicating that the nucleated state is indeed a single vortex state. For the squares, however, this is no longer the case and indicates that the state that ''nucleates'' at H n is not a single vortex. To address this issue we have used 3 . ͑Color͒ Field-evolution of MFM images for chains of Permalloy squares. Image ͑a͒ corresponds to an almost saturated state at strong magnetic field Hϳ300 Oe. Image ͑b͒ reveals two types of characteristic nucleation modes: C-and S-shaped spin distribution was taken in a field H ϳ200 Oe. Image ͑c͒ shows a typical MFM image closure-type vortex structure adapted to the square shape of the particle in zero applied field .   FIG. 4 . ͑Color͒ Formation of coherent spin rotation in neighboring magnetic squares arranged into an infinite chain. The external field is decreases from the saturated state ͑a͒ to the vortex state ͑d͒ magnetic force microscopy ͑MFM͒ and micromagnetic calculations. The volume charges ͑proportional to Ϫٌ•M ) are responsible for out-of-plane stray magnetic fields that produce the contrast detected with the magnetic force microscope. MFM measurements in Fig. 3 clearly show that magnetic vortices are formed in each square at remanence, and that their centers coincide with the centers of the squares. In an external magnetic field these vortices are displaced and induce magnetic surface ''charges'' and, consequently, inter dot magnetostatic interactions, similar to the situation in an array of circular dots. 4, 5 The magnitude of vortex displacement ͑or the slope of hysteresis loops͒ is determined by a balance between Zeeman and magnetostatic energy terms. Within the simplest ''rigid vortex'' model of a magnetostatically isolated circular dot, the shift of the vortex core with applied field depends on the saturation magnetization and the average in-plane demagnetizing factor. 11 The dot geometry affects the shape of hysteresis even above the nucleation field. A square dot geometry favors spin alignment along the dot edges when the magnetic field decreases from the saturated state. As a result, the spin configuration becomes strongly nonuniform even before nucleation. This is clearly seen by the drop of M in the hysteresis loops in Fig. 1 and is supported by the evolution of MFM images taken in an in-plane applied magnetic field for the chain of Permalloy squares in Fig. 3 . In a strong field, bright and dark areas at the edges are observed at the ends of each square dot ͓Fig. 3͑a͔͒, as is expected for single domain states. 16 Then, with decreasing magnetic field, a reversible magnetization variation occurs due to a continuous transition from a saturated state to a nonuniform spin configuration ͓Fig. 3͑b͔͒ such as C-or S-shaped states. 11, 14 Such nonuniform states strongly reduce the average dot magnetization at H n and therefore, for arrays of square particles, the effects of inter dot interaction on the nucleation field are much less pronounced than on the annihilation field. From MFM data we have concluded that the C state is less stable than the S state. For instance, note that for some dots with the C-shaped state ͓Fig 3͑b͒, dots are indicated with arrows͔, the vortex nucleation was induced by tip-sample interactions during the scanning, whereas the S-shaped spin structure remained unaffected. Low-moment ferromagnetic tip should be used to minimize the effect of stray fields. 9 The two characteristic spin configurations are reported to have similar total energies. 15 Therefore, the probability that vortex nucleation would start in one or another way are equal, or, at least, comparable. However, from micromagnetic modeling we concluded that the preferable nucleation mode also depends on the angle between the external magnetic field and the easy axis of the chain. The S state forms if the symmetry is broken, e.g., by applying the magnetic field at some angle with respect to the easy axis. This would lead to a metastable double vortex. On the other hand, a C-type arrangement forms if spins were aligned into the symmetric state by applying the field along the dot chain. Figure 4 shows the field evolution of the domain structure and hysteresis loops calculated for the latter case by using the Landau-LifshitzGilbert micromagnetic solver. 16 Note that correlated C-shaped spin structure in all dots results in identical direction of spin rotation in nucleated vortices. Indeed, MFM images of magnetic squares in an external magnetic field carefully aligned along the chain reveal such a C state, and as a result, a coherent chirality in zero field for a majority of the dots. Similar experiments with circularly shaped elements were less successful: the orientation of magnetic vortices seemed to be independent of the angle of applied field, and rather randomly distributed in remanence. This is in contrast with recently published data where correlated magnetic vortex chains due to inter dot interaction in circular dot arrays 4 or due to shape defects 17, 18 were reported. Moreover, because of the sharp transition from a single domain to a vortex state, it was almost impossible to identify the preferable type of the nucleation mode for our circular elements. Clearly, additional in-field MFM experiments accompanied by extensive statistical analyses are required to clarify the picture and draw more definitive conclusions.
In summary, from the experimental hysteresis loops we have concluded that changing the dot shape from a disk to a square has a strong destabilizing effect on the vortex state, and, therefore, affects the characteristic vortex nucleation and annihilation fields. On the another hand, the dot geometry seems to have almost no influence on strength of inter dot magnetostatic interaction effects. This experimental result favors applying a dipole-dipole approach to describe magnetization reversal in strongly interacting arrays of submicron elements.
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